The applicability of a step-coverage model in atomic layer deposition was extended to the deposition of TiO 2 films, focusing on the effect of a precursor partial pressure and a deposition temperature, as well as the number of cycles in step coverage. Using the extracted model parameters, step coverage depending on the number of cycles was predicted, which shows a nonlinear dependence of film thickness inside a hole on the number of cycles because the area of a hole entrance decreases as the deposition proceeds. The experimental data agreed well with the model predictions. To confirm the validity of the step-coverage model, the effect of a precursor partial pressure and a deposition temperature on step coverage was also investigated. The flux of precursors that strikes the flat surface is the model parameter related to a precursor partial pressure, and the initial sticking probability and the adsorption order are the model parameters related to a deposition temperature. For different experimental conditions, by obtaining the model parameters related to changed experimental conditions from the experimental data at the flat surface, film thickness per cycle at the bottom inside a hole depending on precursor injection time could be predicted within reasonable accuracy. Atomic layer deposition ͑ALD͒ is one of the most promising thin-film deposition techniques to enable nanoscale device fabrication, due to its advantages over other conventional deposition techniques such as physical vapor deposition and chemical vapor deposition.
Atomic layer deposition ͑ALD͒ is one of the most promising thin-film deposition techniques to enable nanoscale device fabrication, due to its advantages over other conventional deposition techniques such as physical vapor deposition and chemical vapor deposition. 1, 2 The advantages include the ability to control film thickness at atomic dimensions, the ability to produce highly conformal thin films, and wide area uniformity, as a result of selflimited reactions by the chemisorptions of alternately pulsed precursor and reactant gases. [2] [3] [4] [5] [6] Among these, the production of highly conformal thin films on microfeatures with high aspect ratios has been considered as one of the greatest advantages, especially for capacitors in semiconductor memories. 7 However, even in ALD, as aspect ratios severely increase, it is not trivial to obtain conformal thin films on microfeatures. To support this task, it is necessary to theoretically investigate the film deposition inside a microfeature in ALD and predict the process time required to achieve reasonable step coverage. In general, ALD of binary compound systems is performed by supplying precursor and reactant gases onto the outermost surface sequentially, with purges of an inert gas between precursor and reactant gases. The nonoverlapping alternate dosing of precursor and reactant gases prohibits reactions in the gas phase and thus leads to film deposition that highly depends on the adsorption and surface reaction kinetics. The precursor chemisorbs on the surface in the precursor injection step, and the chemisorbed precursor reacts with the reactant to deposit a layer of film on the surface in the reactant injection step. Among these steps in one ALD cycle, step coverage is greatly influenced by the precursor injection step because much more reactant is supplied to the reactor than the precursor.
Therefore, in a previous paper, 8 a film growth model on microfeatures has been proposed to evaluate step coverage depending on precursor injection time in ALD, which is useful in evaluating the precursor injection time required to achieve reasonable step coverage and describing the film deposition inside a microfeature in the nonsaturation region as well as in the saturation region. The stepcoverage model is based on the fact that the chemisorption rate of precursors at a certain position along the depth of a microfeature is determined by the total flux of precursors and the sticking probability. The total flux includes the flux coming from the entrance of a microfeature and the flux reflected from other positions inside a microfeature, and the sticking probability depends on the surface coverage of the chemisorbed precursor, which is a function of precursor injection time. By simulation, the effect of the model parameters on the film thickness profile inside a microfeature as well as step coverage was investigated. In addition, the applicability of the step-coverage model to the deposition of Al 2 O 3 films using trimethyl aluminum ͑TMA͒ and oxygen plasma was confirmed.
The purpose of this paper is to further demonstrate the applicability of the step-coverage model by investigating step coverage depending on various experimental conditions. In this paper, the applicability of the step-coverage model was extended to the deposition of TiO 2 films using titanium tetraisopropoxide ͑TTIP͒ and oxygen plasma. The effect of a precursor partial pressure and a deposition temperature on step coverage as well as the dependence of step coverage on the number of cycles was investigated in detail.
Step-Coverage Modeling of Thin Films in ALD
The step-coverage model that has been proposed to evaluate step coverage depending on precursor injection time in ALD in the previous paper 8 is summarized below. The geometry of a hole in the step-coverage model is shown in Fig. 1a . The cylindrical coordinate system is used, and the origin of the coordinate system is fixed at the center of the bottom, as indicated in Fig. 1b . Some of the assumptions in the step-coverage model are listed here. ͑i͒ The entrance of a hole is exposed to an ideal gas with precursor concentration n and a Maxwellian distribution of velocities.
9,10 ͑ii͒ The precursors move by molecular flow inside a hole. 9, 10 ͑iii͒ The adsorption rate is much higher than the desorption rate, so the desorption rate is ignored. [11] [12] [13] ͑iv͒ During the reactant injection step, all precursors chemisorbed on the surface are converted to the solid film.
Kinetic theory gives the impingement flux on the flat surface, as shown in Eq. 1
where J f q is the flux of precursors that strikes the flat surface in the qth cycle ͑m −2 s −1 ͒, n is the precursor concentration near the entrance of a hole ͑m −3 ͒, and c is the average velocity of precursors ͑ms −1 ͒. The total flux at position ͑r,,z͒ inside a hole includes the flux coming from the entrance of a hole and the flux reflected from other positions inside a hole. First, the flux at position ͑r,,z͒ inside a hole coming from the entrance of a hole is the sum of all flux coming from each position on the entrance of a hole. Second, the flux at position ͑r,,z͒ inside a hole reflected from other positions inside a hole is determined by the flux reflected at other positions inside a hole and a reemission mechanism. Reemission mechanisms that have been reported in the literature are diffuse elastic reemission, cosine reemission, and specular reemission. [15] [16] [17] Thus, the flux of precursors that strikes position ͑r,,z͒ inside a hole on the mth collision in the qth cycle ͓ m J h͑r,,z͒ ͒ is the sticking probability at position ͑rЈ,Ј,zЈ͒ inside a hole in the qth cycle, f͑s,␣,␤͒ is a function related to the reemission mechanism, each position inside a hole is connected by a line segment of length s ͑m͒, normal vectors at each position inside a hole form the angles of ␣ and ␤ with respect to this connecting line, and dA H is the differential surface area inside a hole. Therefore, the total flux of precursors that strikes position ͑r,,z͒ inside a hole in the qth cycle ͓J h͑r,,z͒ q ͔ is given by Eq. 3
The surface coverage of chemisorbed precursor at the flat surface or at position ͑r,,z͒ inside a hole in the qth cycle ͓ f or h͑r,,z͒ q ͔ is given by Eq. 4 f or h͑r,,z͒
where K max is the maximum number of chemisorbed precursor per unit area ͑m −2 ͒, S͑0͒ is the initial sticking probability, n is the adsorption order, and t p.t. is precursor injection time ͑s͒.
The film thickness newly formed from chemisorbed precursor at the flat surface or at position ͑r,,z͒ inside a hole in the qth cycle ͓T f or h͑r,,z͒ q ͔ is given by Eq. 5
where r is the saturated film thickness per cycle ͓in MLs ͑monolay-ers͔͒.
Application of the Step-Coverage Model to the TiO 2 System
Experimental conditions in the TiO 2 system .-The stepcoverage model was applied to the deposition of TiO 2 films using TTIP and oxygen plasma on 0.15 m diameter holes with an aspect ratio of 8.7 at deposition temperatures of 150 and 225°C and a deposition pressure of 3 Torr. TTIP is a liquid precursor with relatively high vapor pressures of 1.8 and 6.4 Torr at 60 and 80°C, respectively. TTIP, sustained at 60 and 80°C, was delivered from the bubbler to the reactor with argon carrier gas at a flow rate of 50 sccm. One deposition cycle of TiO 2 consisted of a TTIP vapor pulse, a purge pulse, a pulse for an exposure to oxygen plasma, and another purge pulse. The flow rates of purge argon and oxygen were 250 and 100 sccm, respectively. The plasma power was kept at 150 W. Figure 2a shows TiO 2 film thickness per cycle at the flat surface and at the bottom inside a hole depending on the pulse time of oxygen plasma. When a large enough dose of TTIP was supplied, TiO 2 film thickness per cycle at the flat surface and at the bottom inside a hole was saturated at the pulse time of oxygen plasma of 10 s.This implies that conversion of all precursors chemisorbed on the surface to the solid film was achieved. To induce complete reactions between the precursors chemisorbed on the surface and the plasma, enough pulse time of oxygen plasma was given by setting at 15 s. Figure 2b shows the experimental data for the TiO 2 film thickness profile along the depth of a hole for the case where the pulse time of oxygen plasma is 10 s. It was confirmed that step coverage of TiO 2 film is 100%. To measure TiO 2 film thickness, HfO 2 / TiO 2 /Ru structures were fabricated. Ru film, 130 Å thick, one of the promising bottom electrode materials for use in high-density dynamic random access memory capacitors, was first deposited on the hole. Additionally, after the deposition of TiO 2 film, 100 Å thick HfO 2 film was also deposited in order to clearly measure TiO 2 film thickness. The film thickness was measured by TEM.
Experimental results and discussion in the TiO 2 system.- Table  I summarizes the model parameters that must be extracted in order to apply the step-coverage model to the deposition of thin films. These model parameters can be extracted from fitting the stepcoverage model to the experimental data for film thickness per cycle at the flat surface and at the bottom inside a hole depending on precursor injection time. The details of the model parameter extraction method have been described in the previous paper. Figure 3a shows TiO 2 film thickness per cycle at the flat surface and at the bottom inside a hole depending on TTIP injection time. TiO 2 films were deposited at a TTIP bubbler temperature of 60°C and a deposition temperature of 225°C. TTIP injection time was varied from 0.3 to 100 s. The number of cycles was fixed at 500 cycles. r and K max are extracted from the experimental data in the saturation region. These are 0.11 ML and 1.094 ϫ 10 18 m −2 , respectively. n and the product of J f q and S͑0͒ are extracted from fitting the step-coverage model to the experimental data at the flat surface in the nonsaturation region. These are 2.5 and 3.282 ϫ 10 19 m −2 s −1 , respectively. Each value of J f q and S͑0͒ as well as the reemission mechanism are extracted from fitting the stepcoverage model to the experimental data at the bottom inside a hole in the nonsaturation region. J f q , S͑0͒, and the reemission mechanism are 3.282 ϫ 10 20 m −2 s −1 , 0.1, and diffuse elastic reemission, respectively. The extracted model parameters ͑case A͒ are summarized in Table II . Figure 3b shows the cross-sectional TEM images of TiO 2 film at the bottom inside a hole for the same experimental conditions as in Fig. 3a . As expected for film growth in ALD, it was confirmed that TiO 2 film thickness at the bottom inside a hole increases with TTIP injection time when TTIP injection time is 1, 5, and 100 s, respectively. Figure 4 shows ͑a͒ the simulation results using the extracted model parameters above ͑case A͒ and ͑b͒ the experimental data at the same experimental conditions as in Fig. 3a TiO 2 film thickness profile along the depth of a hole. TTIP injection time was fixed at 5 s, which is less than the time required to achieve 100% step coverage. The number of cycles was fixed at 500 cycles. The measured values for TiO 2 film thickness along the depth of a hole from the cross-sectional TEM images are also indicated as the dot in Fig. 4a . The step coverage of TiO 2 film was about 52%, and the experimental data for the TiO 2 film thickness profile along the depth of a hole as well as step coverage of the TiO 2 film were in good agreement with the simulation results for that obtained using the step-coverage model.
As the number of cycles increases, the area of a hole entrance decreases. It is thought that step coverage is worse because the number of precursors entering inside a hole per unit time decreases as the deposition proceeds. Figure 5 shows TiO 2 film thickness at the flat surface and at the bottom inside a hole as well as step coverage of the TiO 2 film depending on the number of cycles. All experimental conditions were the same as that for extracting the model parameters. TTIP injection time was fixed at 5 s. The number of cycles was varied from 200 to 500 cycles. By simulation ͑case A͒, step coverage depending on the number of cycles was quantitatively investigated. One of the attractive features in ALD is that film thickness is simply controlled by the number of cycles. At the flat surface, ALD showed that a linear relationship between film thickness and the number of cycles exists, but at the bottom inside a hole, it appeared that film thickness and the number of cycles have a nonlinear relationship. Consequently, as expected, it was found that step coverage gradually decreases as the number of cycles increases. These simulation results were compared with the experimental data. As the number of cycles increases from 200 to 500 cycles, TiO 2 film thickness at the flat surface increases from 68 to 174 Å and the area of a hole entrance decreases from 9.6 ϫ 10 5 to 6.2 ϫ 10 5 Å 2 , and thus, step coverage of TiO 2 film decreases from 73 to 52%. It was shown that the experimental data agreed well with the model predictions. During the course of depositing thin films whose thickness is not negligible compared to the diameter of a hole, the aspect ratio increases. To achieve reasonable step coverage, it is necessary that precursor injection time should be extended until the bottom inside a hole is sufficiently covered with chemisorbed precursor even at the end of the deposition.Therefore, the precursor injection time required to achieve reasonable step coverage should be evaluated from considering the desired film thickness. However, that precursor injection time is only extended to obtain reasonable step coverage which may cause a problem in throughput. Another one of the solutions for improving step coverage is to increase a precursor partial pressure. It is thought that precursor injection time required to achieve reasonable step coverage is shortened because film thickness per cycle in the saturation region is not affected and the number of precursors entering inside a hole per unit time increases as a precursor partial pressure increases in ALD. Hence, the effect of a precursor partial pressure on step coverage was investigated. J f q is the model parameter related to a precursor partial pressure depending on a precursor bubbler temperature. Figure 6a shows TiO 2 film thickness per cycle at the flat surface and at the bottom inside a hole depending on TTIP injection time. All experimental conditions were the same as above, only a TTIP bubbler temperature increased from 60 to 80°C. In this case, the saturated TTIP injection time decreases, but TiO 2 film thickness per cycle in the saturation region is not affected by a TTIP bubbler temperature. By fitting the step-coverage model to the experimental data at the flat surface in the nonsaturation region, n and the product of J f q and S͑0͒ are obtained as 2.5 and 6.564 ϫ 10 19 m −2 s −1 , respectively. S͑0͒ and n are the model parameters unrelated to a TTIP bubbler temperature, and thus S͑0͒ is 0.1. Therefore, J f q is obtained as 6.564 ϫ 10 20 m −2 s −1 . TiO 2 film thickness per cycle at the bottom inside a hole depending on TTIP injection time was predicted by the step-coverage model under these simulation conditions corresponding to case B in Table II , as indicated in Fig. 6a . These predicted simulation results at the bottom inside a hole were in good agreement with the experimental data. Figure 6b shows J f q depending on a TTIP bubbler temperature at a deposition temperature of 225°C. J f q at each TTIP bubbler temperature was extracted from the experimental data at the flat surface. Therefore, it is thought that, only from the experiment at the flat surface, it is possible to predict the TiO 2 film thickness profile along the depth of a hole at the other TTIP bubbler temperatures.
In addition, the effect of deposition temperature on step coverage was also investigated. S͑0͒ and n are the model parameters related to deposition temperature.
18 S͑0͒ is the sticking probability when the surface coverage is zero; hence, S͑0͒ is strongly dependent on the binding energy of the adsorbate with the solid surface, n is influenced by the interactions between the adsorbate. When n is greater than unity, the interactions between the adsorbate hinder the next adsorption of precursors. By contrast, when n is smaller than unity, the interactions between the adsorbate enhance the next ad- Figure 7a shows TiO 2 film thickness per cycle at the flat surface and at the bottom inside a hole depending on TTIP injection time. All experimental conditions were the same as above, except the deposition temperature decreased from 225 to 150°C. As indicated in Fig. 7a , TiO 2 film thickness per cycle was saturated at 0.55 Å/cycle. Thus, r and K max are 0.17 ML and 1.720 ϫ 10 18 m −2 , respectively. By fitting the step-coverage model to the experimental data at the flat surface in the nonsaturation region, n and the product of J f q and S͑0͒ are obtained as 1.9 and 1.720 ϫ 10 19 m −2 s −1 , respectively. J f q is the model parameter unrelated to a deposition temperature, and thus J f q is 3.282 ϫ 10 20 m −2 s −1 . Therefore, S͑0͒ is obtained as 0.052. TiO 2 film thickness per cycle at the bottom inside a hole depending on TTIP injection time was predicted by the step-coverage model under these simulation conditions corresponding to case C in Table II , as indicated in Fig. 7a . These predicted simulation results at the bottom inside a hole were in good agreement with the experimental data. shows S͑0͒ and n depending on a deposition temperature at a TTIP bubbler temperature of 60°C. S͑0͒ and n at each deposition temperature were extracted from the experimental data at the flat surface. Therefore, it is thought that, only from the experiment at the flat surface, it is possible to predict the TiO 2 film thickness profile along the depth of a hole at other deposition temperatures. Conclusion The step-coverage model was applied to the deposition of TiO 2 films using TTIP and oxygen plasma on 0.15 m diameter holes with an aspect ratio of 8.7. The model parameters were extracted from fitting the step-coverage model to the experimental data for step coverage depending on precursor injection time. To verify the validity of the step-coverage model and the extracted model parameters, the effect of precursor partial pressure and deposition temperature on step coverage as well as the dependence of step coverage on the number of cycles was investigated. It was confirmed that the experimental data follow the trend predicted by the step-coverage model within reasonable accuracy. The number of cycles is fixed at 300 cycles. ͑b͒ Dependence of S͑0͒ and n on a deposition temperature at a TTIP bubbler temperature 60°C.
